the pea aphid, Acyrthosiphon pisum), as disease vectors (the mosquitoes Anopheles gambiae [malaria] , Aedes aegypti [dengue and yellow fever], and Culex pipiens [West Nile virus, St. Louis encephalitis]); the blood-sucking bug, Rhodnius prolixus (Chagas disease); and the body louse, Pediculus humanus (relapsing fever, trench fever, and epidemic typhus), or as biological control agents (the parasitic wasp Nasonia, three species). Other species chosen for genome sequencing (the red flour beetle, Tribolium castaneum; the honeybee, Apis mellifera; and the silkworm, Bombyx mori) are also of economic importance, but other factors have influenced their selection, including the prior existence of considerable biological data about them.
Of the above genome projects, those of A. gambiae (Holt et al. 2002) , T. castaneum (TGSC 2008) , Ap. mellifera (HGSC 2006) , and B. mori (BAG 2004 ) have now been completed. In addition to these genome sequencing projects, researchers are devoting parallel efforts to the construction, for other species, of expressed sequence tag (EST) libraries, which contain collections of complementary DNA (cDNA) sequences derived from expressed genes only. Two such endeavors worthy of mention are the Spodoptera frugiperda (Nègre et al. 2006) and Choristoneura fumiferana (http:// pestgenomics.org) EST projects, which focus on lepidopteran pests of importance to agriculture and forestry, respectively. Many more EST projects are under way in various laboratories.
The sequence of a genome would be of little use without its annotation, a process during which biological information is attached to the sequence (e.g., positions of protein-coding genes, their coding regions, and their regulatory elements, along with the putative function of each gene). Various computer algorithms are used for the identification of structural elements (e.g., genes) within the genome, but to assign a function to each gene, researchers must search databases for genes with similar sequences (which are likely to be homologous, i.e., to have a common ancestor) for which a function has been established or proposed. With this information in hand, it becomes possible to compare insect genomes with one another and with those of other organisms. Such analyses have been conducted by the public and private organizations that have released insect genome sequences and by independent groups interested in comparative genomics. These comparisons have addressed issues such as differences in genome size, gene number, and gene order (synteny), and the identification of genes that encode proteins unique to insects or to a subset of insects. The results of these analyses are already affecting scientists' understanding both of the evolution of insects, including the phylogenetic relationships among different orders, and of the molecular underpinnings of insect-specific processes.
The insect genomes sequenced to date differ considerably in terms of size and gene number, with Ap. mellifera having the smallest number of genes (10,157), followed by D. melanogaster (13,600) and A. gambiae (14,000) (both in the order Diptera), then by T. castaneum (16,404) and B. mori (18,500) . The human genome is estimated to contain between 20,000 and 25,000 genes, comparable to the number for the roundworm Caenorhabditis elegans (approximately 20,000), indicating that the number of genes in eukaryotic organisms does not correlate well with their apparent level of complexity. The honeybee genome appears to have evolved less rapidly than that of the fruit fly and mosquito, and it displays less similarity, for certain groups of genes, with the latter two insect genomes than with those of vertebrates (HGSC 2006) . The honeybee's evolutionary relationship to other insects has recently been reassessed using available genome sequence data. These analyses have suggested that the Hymenoptera (bees, ants, wasps) are basal to the Coleoptera (beetles; figure 1) ; that is, they arose earlier on the evolutionary time scale (Zdobnov and Bork 2007 ), a conclusion that challenges widely held views on this topic.
A detailed comparison, based on ESTs, between gene content in six insect species (Ap. mellifera; D. melanogaster; A. gambiae; T. castaneum; B. mori ; and the migratory locust, Locusta migratoria) and in three noninsect eukaryotic organisms (humans, C. elegans, and yeast) led to the finding that the bestrepresented insect-specific proteins are those associated with stress and stimulus response, with cuticle formation, and with pheromone or odor perception (Zhang et al. 2007 ). The latter group of proteins is well represented in the mosquito, which possesses a 19-member odorant receptor family that is absent from the fruit fly (Holt et al. 2002) . In the mosquito, odorant receptors are most likely involved in hostseeking behavior (Holt et al. 2002) . Pheromone-or odorreceptor proteins are even more abundant in the honeybee; these proteins are hypothesized to mediate the insect's perception of pheromone blends, kin recognition signals, and diverse floral odors (HGSC 2006) . The bee genome contains novel genes associated with nectar and pollen utilization (HGSC 2006) . Other genes, however, including genes associated with innate immunity and with the detoxification of xenobiotics, are less well represented in the honeybee than in the two dipterans (D. melanogaster and A. gambiae) (HGSC 2006) . The silkworm genome contains an estimated 1793 genes not found in the fruit fly or mosquito; these include genes involved in silk production, immunity, development, and pheromone production (BAG 2004) . This comparative genomics approach will not only help elucidate basic processes involved in insect biology but also lead to the identification of many insect-or pest-specific proteins that can be targeted for insecticide development (see "Pest genomics and the search for biorational target sites," below). Although beyond the scope of this article, efforts to sequence the genomes of entomopathogens, human disease-causing organisms vectored by insects, and endosymbionts such as Wolbachia bacteria, whose genomes may be viewed as an extension of their hosts' , must be mentioned here-they have enjoyed much recent success, and there is no doubt that progress made in this area will have an impact on both basic and applied entomology.
Gene function analysis
Although a significant proportion of the genes so far identified in insect genomes have been assigned a known or putative function, many genes have yet to reveal their raison d'être or to have their presumed functions confirmed. Both direct and indirect approaches have been used, individually or in combination, to identify the functions of insect genes. Most indirect approaches involve the quantification of gene expression, at the level either of transcripts (messenger RNA, or mRNA) or of proteins, under conditions that may provide clues as to the role played by a given gene product. For example, in developmental studies, a gene that is expressed only at the onset of metamorphosis, such as Broad-Complex (Zhou et al. 1998) , may be hypothesized to play a role in that process. Similarly, a gene that is expressed in only one gland or tissue, such as juvenile hormone acid methyl transferase (Shinoda and Itoyama 2003) , is likely to have a function that is restricted to the metabolism of that gland or tissue. If the expression of a gene is induced or suppressed following a particular treatment (e.g., immune challenge, temperature change, or hormone application), this response may indicate which metabolic pathway the gene most likely contributes to.
Until recently, most studies of insect gene expression were carried out using techniques such as northern and western blot analyses, which involve the fractionation of mRNA or proteins by electrophoresis, followed by the transfer of the nucleic acids or proteins to membranes and their detection using hybridization with a labeled probe or incubation with a proteinspecific antibody, respectively. These methods, although still useful, are gradually being supplanted by approaches such as real-time reverse-transcription quantitative polymerase chain reaction (qPCR) and microarray analysis. The former method involves the amplification and simultaneous quantification, using the polymerase chain reaction (PCR; Mullis et al. 1986 ), of a target DNA molecule obtained using reverse transcription of mRNAs extracted from a given cell line, animal, or tissue. It is a highly sensitive approach that requires very small amounts of starting material (RNA) and has the power to provide absolute quantitative measurements (for an insect application, see Cusson et al. [2006] ).
For high-throughput, genomewide applications, however, microarray analysis, although less sensitive than qPCR, can provide a snapshot of the subset of an insect's genes whose transcription is modulated by a given treatment. DNA microarrays are a collection of DNA spots representing individual genes arrayed on a solid surface, such as a microscope slide, by covalent attachment to the matrix. Such "DNA chips" may contain thousands of gene fragments (potentially representing an entire genome) that can be employed for highstringency DNA-DNA or DNA-RNA hybridization using a fluorophore-based detection system. Because the intensity of the hybridization signal for each spot is proportional to the abundance of a specific mRNA in the biological sample, the effect of any treatment on gene expression may be compared with the control, allowing researchers to identify all genes whose expression is modulated by the treatment. For example, by comparing the expression profiles for insect populations that are susceptible to a given insecticide with the profiles for populations that are resistant, it should be possible to identify those genes that are involved in the resistance mechanism (Hemingway et al. 2002) . Some insect DNA chips are now commercially available, including one for D. melanogaster that interrogates more than 13,500 genes (www.affymetrix.com/products/arrays/specific/fly.affx). Various other gene arrays have been generated for insects including Ap. mellifera, B. mori, S. frugiperda, and Ch. fumiferana, typically from cDNAs, and are being used to examine such phenomena as the differences between bee larvae raised as workers or as queens (Evans and Wheeler 2000) , the changes in gene expression during silkworm metamorphosis (Kawasaki et al. 2004) , and the modulation of gene expression following infection with a polydnavirus (Barat-Houari et al. 2006) or with wild-type and recombinant baculoviruses (Zhang et al. 2007) .
A more direct approach to the study of gene function involves the disruption of individual genes. The genomes of some microorganisms, including viruses, bacteria, and yeast, can be manipulated with relative ease to generate mutants that display single-gene defects whose phenotypes allow researchers to infer the function of the disrupted gene. The application of a similar approach to more complex organisms such as insects, however, presents a greater challenge.
Two approaches are used to disrupt gene function in insects: insertional mutagenesis and transcriptional silencing, also known as RNA interference (RNAi) (Heckel 2003) . Insertional mutagenesis makes use of transposons, sometimes referred to as "jumping genes," which can spontaneously integrate into genes and inactivate them. This approach has been applied to D. melanogaster using the P-element transposon, which integrates randomly into the fruit fly genome following injection into embryos. By screening genomic DNA fragments from transformed flies for the presence of the transposable element, researchers can identify disrupted genes and select mutant strains (Heckel 2003) . With the full D. melanogaster genome sequence in hand, we can now envisage the construction of libraries containing insertional mutants for all or most fruit fly genes (Spradling et al. 1999 , Coelho et al. 2000 . In addition, using other transposons such as piggyBac (Elick et al. 1996) and Hermes (Sarkar et al. 1997) , originally isolated from the moth Trichoplusia ni and the house fly Musca domestica, respectively, it should be possible to extend this approach to other groups of insects.
Whereas insertional mutagenesis requires a substantial investment of time and resources, disruption of gene function at the transcriptional level is within the reach of most molec ular biology laboratories. RNAi involves the use of doublestranded RNA (dsRNA) homologous to the gene to be silenced. Within the cell, the dsRNA is cut up into 21 to 23 nucleotide fragments that associate with RNA endonuclease and guide it to a matching mRNA for its selective cleavage (figure 2; Carthew 2001) . In a tissue culture, dsRNA can be introduced into cells using a transfection reagent; in vivo, it may be injected directly into the animal. Alternatively, some insects, such as D. melanogaster, can be transformed with a construct that expresses dsRNA as an extended hairpin-loop RNA (Kennerdell and Carthew 2000) . The latter approach has recently led to the development of a genomewide RNAi library for D. melanogaster. These advances have benefited from the fact that RNAi in fruit flies can be restricted to a specific cell type, which is not the case with organisms such as C. elegans, for which RNAi is systemic. For the D. melanogaster transgenes, the use of a conditional expression system that targets certain cell types and stages of development makes it possible to examine spatial and temporal variations in gene function (Dietzl et al. 2007) .
For reasons that are not well understood, the RNAi strategy works better for some groups of insects than for others. Two possible reasons for this variation are (1) differences in the systemic nature of the phenomenon and (2) variation in the ability of different organisms to amplify the RNAi effect after dsRNA is introduced into cells. This amplification can alter the sustainability of the effect over time, after substantial dilution of the original dsRNA has occurred (Carthew 2001) . For example, the RNAi approach has not worked as well for the Lepidoptera (caterpillars, moths, butterflies) as for the Coleoptera, although spectacular examples of successful RNAi use may be found in the literature for both groups (e.g., Beck and Strand 2003 [Lepidoptera] , Konopova and Jindra 2007 [Coleoptera] ).
Finally, researchers' ability to produce recombinant proteins from cDNA clones using bacterial, baculoviral, and yeast expression systems also permits the in vitro characterization of gene products. This approach is particularly useful for cases in which the function of a given gene may be predicted with some confidence from its sequence. For example, many insect proteins are predicted to display enzymatic activity of a given nature; this may often be verified by conducting enzyme assays using the recombinant protein and appropriate substrates (e.g., Itoyama 2003, Sen et al. 2007 ). In some cases, these assays have revealed a product selectivity that differs from the one predicted from the sequence, as exemplified by a putative aphid farnesyl diphosphate synthase that can generate both C 10 (geranyl) and C 15 (farnesyl) diphosphate products in similar amounts (Vandermoten et al. 2008 ).
Molecular approaches to the study of insect evolutionary relationships
Central to the process of evolution is the occurrence of mutations at the level of individual nucleotides in an organism's DNA. It follows that by comparing homologous portions of coding or noncoding DNA among different species to identify sites (i.e., equivalent positions among aligned sequences) where nucleotide substitutions have occurred, researchers may infer evolutionary relationships among species and higher-level taxa, an area of investigation known as phylogenetics. These relationships are typically illustrated by drawing a "tree" whose branch connections and lengths represent a hypothesis of the evolutionary links among the taxa being considered. Such relationships have traditionally been established by comparing morphological features among extant and fossil species; molecular analyses have not replaced these traditional approaches but have provided new sources of information to help support or disqualify existing hypotheses about phylogenetic relationships. Over the past 20 years, technological advances such as the development of the PCR, automated sequencing, and increased computational power have contributed to the current popularity of molec- ular approaches to the study of insect phylogenetics (Caterino et al. 2000) .
Despite the popularity of these novel tools, studies in insect phylogenetics have not, until recently, benefited as much from their use as have those focusing on plant and vertebrate systematics, largely because the entomological community has been reluctant to adopt a common set of markers (e.g., genes) for use in phylogenetic analyses. As a result, data from different groups have sometimes been difficult to compare or have led to contradictory conclusions (Caterino et al. 2000) . This situation, however, has now improved (Whitfield and Kjer 2008) . The value of the work conducted in insect phylogenetics to date generally varies as a function of the taxonomic depth addressed in individual studies: molecular approaches have provided good resolution of evolutionary relationships among species, genera, and even families, but poorer resolution at the ordinal level, with the exception of the order Hemiptera (true bugs, aphids, etc.) (Caterino et al. 2000) . The phenomenon of ancient rapid radiations of insects seems to further complicate the elucidation of phylogenetic relationships among orders (Whitfield and Kjer 2008) . Because these radiations (speciation, divergence among taxa) took place over short periods of time, few genetic markers were able to accumulate, making it difficult to establish relationships among the lineages being considered. Furthermore, much time has elapsed since the lineages came to be, creating the opportunity for this weak historical signal to be erased by subsequent changes.
Adding to this confusion is the fact that there are differences among lineages in nucleotide composition and evolutionary rate. Some of these problems may be addressed, at least in part, by selecting the most appropriate method for data analysis. Model-based methods such as maximum likelihood are considered superior to distance methods at estimating tree topology and branch length, provided that one uses a substitution model that is appropriate for the data at hand (Whitfield and Kjer 2008) . Taxon sampling and the choice of appropriate molecular markers will also make a difference. Caterino and colleagues (2000) have advocated the use of certain markers for insect phylogenetic analyses, including the mitochondrial cytochrome oxidase I and 16S ribosomal DNA (rDNA) genes and the nuclear 18S rDNA and elongation factor Iα genes, so as to improve coordination of efforts among workers in this field. However, in recent years, the number of sequences for nuclear protein-coding genes deposited in public databases has grown at a tremendous rate, making it advantageous in some cases to explore the quality of the phylogenetic signal provided by different genes for a given data set and to select the most appropriate markers for that data set. Future progress in this field will undoubtedly be aided by insect-related components of the current project "Assembling the Tree of Life" (AToL; http://atol.sdsc. edu), sponsored by the National Science Foundation. LepTree (www.leptree.net), FLYTREE (www.inhs. uiuc.edu/research/FLYTREE), and HymAToL (www.
hymatol.org/introduction.html) are three examples of AToL subprojects that bring together the inter national community in developing and refining phylogenetic trees for the Lepidoptera, Diptera, and Hymenoptera, respectively.
As the above examples indicate, molecular tools have played a significant role in shaping recent progress in basic insect science. The same or similar tools have also been harnessed to develop safe and effective pest-control products and strategies.
The use of genetically modified organisms to manage insect pests
Host plants, microbial control agents, and insect pests have all been genetically engineered for the purpose of developing novel pest-management strategies or improving existing control products. This section provides a few examples of pest management-related GM organisms.
Genetically modified host plants. The advent of the so-called Bt crops in the mid-1990s represents the most spectacular success in the use of biotechnology to prevent or reduce losses due to phytophagous insects. "Bt" stands for Bacillus thuringiensis, a spore-forming, soil-inhabiting bacterium that produces insecticidal crystal proteins during the late phase of bacterial growth. Among the various proteinaceous toxins produced by Bt, the δ endotoxin is the most widely studied; some forms of it are active against the Lepidoptera, while others are active against the Diptera or Coleoptera. These toxins are considered practically harmless to humans and other animals (USEPA 1986 ).
The genes that encoded δ endotoxins are referred to as cry genes (Höfte and Whiteley 1989) . Each cry gene is responsible for the production of a toxin with distinct insecticidal properties and host specificity. Many cry genes have now been cloned, and these genes have been engineered into various crop (James 2006) . They express Cry1A and Cry1C toxins, respectively, which are effective against caterpillars. The use of GM versions of corn and cotton not only has provided good protection against their principal pests, the European corn borer (Ostrinia nubilalis) and the pink bollworm (Pectinophora gossypiella), but has led to dramatic reductions in the use of conventional insecticides (Agnew and Baker 2001) . The complete eradication of the pink bollworm in Arizona and neighboring states, through combining Bt cotton with other pest management strategies, now appears to be an attainable goal (http://azcotton.org/PBW/PBW %20COVER%20PAGE.htm). Although the use of Bt crops has stirred much public debate over their safety toward nontarget organisms, recent studies indicate that they have no significant effect on nontarget plant-feeding insects and beneficial species, particularly when compared with crops treated with chemical insecticides (O'Callaghan et al. 2005 , Marvier et al. 2007 ).
The possibility that insects might develop resistance to the Bt toxin represents the greatest threat to the sustainability of Bt crops (Mellon and Rissler 1998, Obrycki et al. 2001) , especially given that researchers have been able to select for resistance in laboratory-reared insects and to identify four distinct resistance genes (Heckel et al. 2007 ). Strategies to avoid or delay the loss of susceptibility to Bt toxins include the use of refuge crops (non-Bt plants) planted near or within fields of Bt crops (Sisterson et al. 2005) and the "pyramiding" of two toxins with different modes of action in the same plant (Gahan et al. 2005) . Recently, it has also been possible to engineer a modified Cry1A protein that can overcome a type of resistance involving a mutation in an insect gut protein (a cadherin) to which the toxin must bind to cause death (Soberón et al. 2007) . All this being said, despite the existence of Bt resistance genes within populations of the pink bollworm, monitoring for these genes over a period of eight years has indicated no net increase in their frequency .
Bt cry genes have also been successfully engineered into trees, including poplar (Populus spp.), pine (Pinus spp.), and spruce (Picea spp.), in an effort to provide resistance to major forest defoliators. Although such GM trees have shown reduced susceptibility to lepidopteran pests in greenhouse and field trials (e.g., Lachance et al. 2007 ), their commercial deployment has faced much resistance everywhere in the world, with the possible exception of China, where GM poplars are used in some commercial plantations (FAO 2004) .
Genetically modified microbial agents. Although the use of Bt plants for the management of insect pests is a relatively recent development, the use of Bt as a commercial biopesticide in sprayable formulations, both in agriculture and in forestry, dates back to the 1950s. Bt products, the majority of which are based on the naturally occurring Bt subspecies kurstaki HD-1, represent 95% of the worldwide biopesticide market.
Because the cry genes are located on plasmids (circular DNA molecules separate from chromosomal DNA) within the bacterium, and individual Bt strains are capable of harboring 2 to 12 cry genes, it is possible to create new Bt strains by simple genetic means involving the transfer of plasmids from one strain to another, through a process called conjugation (Harrison and Bonning 2000) . Using this approach, it has been possible to develop a commercial Bt strain that can provide protection against both caterpillar and beetle pests, without having to resort to genetic engineering. The latter approach, however, has been used to generate modified δ endotoxins with altered host range and insecticidal activity. For example, the mosquito-specific cry4Ba protein was successfully engineered to expand its host range to Culex mosquitoes, a genus whose members are known to display little susceptibility to the wild-type toxin (Abdullah et al. 2003) .
Although the engineering of Bt toxins has received significant attention, efforts to genetically modify insect pathogens to improve their insecticidal activity have focused primarily on baculoviruses (Harrison and Bonning 2000) . These DNA viruses occur naturally among populations of many insect species, predominantly lepidopterans. Larvae become infected while feeding on contaminated foliage and typically undergo liquefaction upon death, thereby releasing the virus onto the host plant and allowing the infection cycle to start again. The principal attraction-from an environmental standpoint-of these viruses as biopesticides is their very narrow host range: most baculoviruses have the ability to infect only a few closely related species and are totally harmless to other organisms in the treated environment. Some naturally occurring (i.e., unaltered) baculoviruses have indeed been registered as pest-control products in the United States, including one aimed at the gypsy moth (Gypchek). However, despite their environmental advantages, these viral insecticides have not enjoyed great commercial success, largely because of their relatively high cost and slow action (they take up to 10 days to kill an insect pest; Wood et al. 1990 ). The slow action of baculoviruses has been the main focus of research efforts aimed at improving their efficacy through genetic engineering. Interestingly, some features of baculoviruses make it possible to introduce foreign genes (e.g., an insect-specific toxin) into their genomes in such a way that they are expressed at very high levels; the proteins produced as a result of expression of the introduced genes are chosen with the intention of causing significant physiological disruption in the host, thereby bringing about feeding cessation and death earlier than in insects infected with the wild-type virus.
Since 1990, many GM baculoviruses have been developed in various laboratories, with some displaying improved efficacy and increased speed of kill relative to the progenitor wild-type virus. Examples include recombinant viruses expressing a modified juvenile hormone esterase (Bonning et al. 1995) , an insect-specific scorpion neurotoxin (Stewart et al. 1991) , and a transcription factor (CHR3) from the spruce budworm (Palli et al. 1999 ). In the latter case, untimely expression of the foreign gene in infected hosts triggers a pre-mature and incomplete molt that results in the insects' death. Efforts have also been made to increase the host range of baculoviruses by inserting genes from another group of viruses (the polydnaviruses) into the baculovirus genome; these foreign genes encode proteins that suppress the host caterpillar's immune response, thereby allowing a given baculovirus to replicate in an otherwise nonpermissive host Cui 1998, Rivkin et al. 2006) . The latter strategy holds the potential of improving the commercial viability of insecticidal baculoviruses, given that the high degree of host specificity of their naturally occurring counterparts imposes limits on their marketability.
None of the recombinant baculoviruses developed since 1990 have yet been registered for use anywhere in the world, and as a consequence, none are part of operational pest management programs in agriculture or forestry. Furthermore, because of public concern about the potential ecological impacts of GM organisms-and because of the difficulty in designing contained field trials to assess the risks that their opponents claim these organisms pose-applications for registration of GM baculoviruses are not being given a high priority status by regulatory agencies, in spite of numerous reports documenting their innocuousness (McClintock et al. 2000) . However, as is probably true of many new technologies, once a precedent is set for the registration of a GM baculovirus (and such efforts are currently under way for the CHR3 virus referred to above), subsequent registrations are likely to be easier, given that applicants will be able to draw on the similarities within this virus family to build a strong case in favor of their overall safety.
Genetically modified insects. Attempts have been made to use genetic engineering as a means of generating sterile insects for mass releases. The so-called sterile insect technique (SIT) is viewed as a powerful approach for areawide management of certain pests (Klassen 2005) . Conventional SIT involves the mass rearing of insects, which are given a dose of gamma rays at the pupal stage to induce sterility. The sterile insects are then mass released in an effort to inundate natural populations. The SIT approach has been used as a component of integrated pest management programs aimed at insects such as the pink bollworm, the codling moth, and the medfly (Alphey 2002 , Miller et al. 2007 ). Sterilization by radiation causes a severe loss in male vigor, reducing the treated insects' ability to compete with wild males for matings. To compensate for this reduced competitiveness, very high numbers of sterile insects must be released, so as to achieve sterile-to-wild ratios near 100 to 1 (Miller 2004) . It has been surmised that replacing the radiation treatment with a dominant, repressible, lethal genetic system (Thomas et al. 2000) would help circumvent this problem and reduce the costs associated with mass rearing and radiation (Alphey 2002 , Miller et al. 2007 .
Using transposons such as the aforementioned piggyBac element (see "Gene function analysis," above), it is possible to introduce a conditional lethal gene into an insect's genome. The lethal gene (i.e., one whose product is toxic to the insect)
is designed in such a way that it can be downregulated by the antibiotic tetracycline through a tetracycline repressor element, which makes it possible to rear the insect to the adult stage on a tetracycline-containing artificial diet (Miller et al. 2007) . Following release in the wild, where no tetracycline is present to repress the expression of the lethal gene, the transgenic insects mate and pass on the lethal gene to the next generation (Miller 2004) . Similarly, given that the SIT approach will not result in economic loss from female feeding and oviposition when only males are released, it is also possible to improve the efficiency of the SIT by introducing a conditional female-specific lethal gene that can be activated (de-repressed) in the final release generation to cause death of females (Alphey 2002, Handler and Beeman 2003) . Although originally developed for D. melanogaster (Thomas et al. 2000) , the conditional lethal gene system has recently been applied to the pink bollworm and the medfly. However, current regulation limits the release of transgenic insects in the wild (Miller et al. 2007 ), even though a study involving transgenic mosquitoes indicated that transgenes naturally decline quickly over time (Catteruccia et al. 2003) .
Pest genomics and the search for biorational target sites
Perhaps the greatest potential application of insect genomics to the development of pest-control products is the identification of target sites (i.e., proteins) that can be exploited for the development of biorational insecticides. The latter are chemicals that aim at disrupting a physiological function specific to insects or to a group of insects. Although the active ingredients of these insecticides are synthetic compounds, their insect specificity and mode of action (they usually act through a nontoxic mechanism) make them far more environmentally friendly than conventional chemical insecticides. Some biorational insecticides are obtained from natural sources or are synthetic analogs of natural compounds. These are often referred to as "biochemical pesticides" (McClintock et al. 2000) . Others, however, may bear little resemblance to naturally occurring substances but are chosen because they stimulate, inhibit, or antagonize a biochemical function specific to insects. The identification of such compounds can be greatly aided by biotechnology, whereby the genes encoding insect proteins believed to be suitable targets for inhibition (e.g., enzymes) or antagonistic interactions (e.g., hormone receptors) are cloned and used for the development of in vitro high-throughput screening (HTS) assays (Allenza and Eldridge 2007) . Where the threedimensional (3-D) structure of the target protein can be determined, computer-assisted design can be used to help identify suitable inhibitors, agonists, and antagonists in an approach similar to that currently employed for drug discovery (Fauman et al. 2003) .
As indicated in the first section of this overview, comparative genomics approaches have already identified genes that encode proteins apparently unique to insects or to specific insect taxa. Genomewide in vivo RNAi screens, such as the one now possible for D. melanogaster, would allow the selection of those insect-specific genes for which transcriptional inhibition induces lethality; homologs of these genes could then be cloned from pest species and submitted to a similar RNAi analytical approach, thus allowing the identification of genes that are promising biorational target sites (Allenza and Eldridge 2007) . This area of investigation is very new, and there are still no well-defined target-to-field success stories involving targets about which nothing was previously known. However, insect genomics, biotechnology, and insect cell lines have already begun to provide powerful tools for the identification of new lead compounds in cases where existing knowledge about the target and its potential for insecticide development has provided the foundation for the development of HTS cell-based assays (Allenza and Eldridge 2007, Smagghe 2007) .
One good example involves the screening of nonsteroidal ecdysone agonists in an effort to identify compounds with enhanced activity. Ecdysone, also known as "molting hormone," is a steroid hormone produced by insects to induce a molt. Scientists at Rohm and Haas Company reported the finding that some diacylhydrazine compounds, which do not have a steroid structure (see, e.g., figure 4), could mimic the effect of ecdysone. The researchers first assayed one such compound (code-named RH 5849) on an ecdysone-sensitive Drosophila cell line, in which it induced reactions typically caused by ecdysone, such as the inhibition of cell proliferation and the induction of the enzyme acetylcholinesterase. In addition, a radiolabeled ecdysone-related compound was shown to compete with RH 5849 for ecdysone receptor sites from the cell extract (Wing 1988 ). The same compound was then shown to induce premature and lethal molting in lepidopteran larvae . A related diacylhydrazine displaying low mammalian toxicity, tebufenozide, was subsequently developed and registered for the control of various lepidopteran pests in several countries (www.pesticideinfo.org).
More recently, a cell-based HTS system was developed to rapidly assess the ability of 172 diacylhydrazine analogs to activate the ecdysone receptor. This system involves a B. mori cell line (Bm5) in which an ecdysone-inducible reporter gene (a green fluorescent protein) has been engineered. The amount of fluorescence emitted by the cells following the application of a putative ecdysone agonist can be measured in microtiter plates. These data, in conjunction with a 3-D model of the B. mori ecdysone receptor, were used to conduct 3-D quantitative structure-activity relationship analysis aimed at identifying features of the test compounds that favor biological activity, including interactions with the receptor binding pocket, and to help design more potent agonists. This novel screening approach is predicted to greatly increase the speed at which the activity of new ecdysone agonists can be assessed (Wheelock et al. 2006) . The current availability of more than 500 different cell lines will no doubt lead to the development of many similar cell-based screening assays for other target sites (Smagghe 2007) .
Concluding remarks
Although progress in insect molecular science has typically been slower than in the biomedical sciences-largely as a result of important differences in the resources invested in these two areas of investigation-the gap now appears to be narrowing, in part because of the large investments made recently in the sequencing and annotation of insect genomes. The success of the Human Genome Project seems to have facilitated some of the current insect genome sequencing projects, with five of them (red flour beetle, honeybee, pea aphid, Nasonia wasp, and the fruit fly Drosophila pseudoobscura) carried out at the Human Genome Sequencing Center at the Baylor College of Medicine (Houston, Texas) and partially funded by the National Human Genome Research Institute (see www.hgsc.bcm.tmc.edu/public). In addition, insect scientists working on species of economic importance can now apply some of the molecular tools developed for Drosophila by scientists whose work has traditionally focused on genetics and developmental biology, as opposed to entomology per se. Finally, there is a growing tendency for insect molecular scientists to reach out to the broader molecular biology community, with all the benefits that such interactions can have for the application of molecular tools in insect science. Clearly, we have only just begun to see the positive impacts of the molecular biology toolbox on basic and applied insect science; the best is yet to come. access to a manuscript that was in press when I drafted this article.
